Background. A dramatic increase in morbidity and mortality from Clostridium difficile infection (CDI) due to the recent emergence of virulent, antibiotic-resistant strains has led to a search for alternatives to antibiotics, including vaccines and immune-based therapy that target the 2 key toxins-TcdA and TcdB.
relative roles of these 2 toxins in disease pathogenesis is of great importance. Although the toxins have been investigated using numerous methods over the past several decades, the results have been conflicting.
In earlier studies using culture supernatants or purified toxins in rodent or rabbit models, TcdA and/or TcdB were administered into the gastrointestinal (GI) tract directly via gavage or intestinal loop. Results indicated that TcdA was the essential virulence factor, with TcdB unable to induce lesions when administered in the absence of TcdA [3, 4] . When highly purified toxins are administered systemically to rodents, either together or separately, both are able to induce disease and death [5] . The finding of cardiotoxicity associated with TcdB in the zebrafish model more recently highlighted the potential for systemic actions of the toxins and the importance of TcdB, in particular [6] , although this has yet to apply to mammalian species.
Active and passive immunity have also been used to investigate the roles of the 2 toxins. Using toxoid for immunization in hamsters, 1 study found that immunization with both TcdA and TcdB toxoids was necessary for complete protection [7] , but another study found that immunization with only TcdA toxoid was necessary for protection [8] . Investigation of naturally occurring serum antitoxin antibodies in human patients placed an emphasis on the importance of anti-TcdA in preventing recurrence of CDI [9] . Human monoclonal antibodies (HuMab) have been generated against both toxins, and studies in hamsters revealed that HuMab against both toxins prevented CDI in hamsters [10] . Likewise, studies in human patients also highlighted the importance of antibodies against both toxins, not just TcdA, for protection from recurrence [11] .
In the past several years, methods for genetic manipulation of C. difficile have allowed for creation of isogenic mutant strains that produce only TcdA or TcdB. One such study showed TcdB to be the essential virulence factor in the hamster model [12] , but another study found that both TcdA and TcdB are important for virulence [13] . The results of these numerous studies indicate that neither toxin can be ignored in terms of the importance in disease pathogenesis or for development of novel treatments and therapeutics. However, we are still left with many unanswered questions. In this study we used HuMabs [10] and alpaca polyclonal antibodies against TcdA and/or TcdB in the piglet model of CDI [14] to further investigate the roles of the 2 toxins in pathogenesis and to provide more information on the use of antitoxin antibodies for prevention and treatment of CDI in human patients.
METHODS

Polyclonal Antitoxin Antibody Preparation
Polyclonal antibodies against TcdA and TcdB were generated by immunizing alpacas with recombinant, atoxic TcdA or TcdB (aTcdA or aTcdB), based on the recombinant toxins produced by our laboratory [15] . One animal was immunized with aTcdA and 1 animal was immunized with aTcdB, generating antisera against each toxin separately. Anti-TcdA and anti-TcdB immunoglobulin (IgG) titers were determined using enzyme-linked immunosorbent assay (ELISA) for serum collected from the alpacas. The samples were tested for antibody cross-reactivity to be sure that the separate sera did not have neutralizing ability against the opposite toxin; crossreactivity was not found to be present for either serum pool. Piglets were dosed with the polyclonal sera based on the neutralizing titer, adjusted to a level that would neutralize previously observed serum toxin concentrations. Alpaca preimmune serum was used as a placebo control.
Monoclonal Antitoxin Antibody Preparation
The human monoclonal anti-TcdA (CDA1) and anti-TcdB (CDB1) antibodies used in this study were developed by Massachusetts Biologic Laboratories and Medarex, Inc. [10] and provided for this study and currently licensed by Merck, Inc. These antibodies have already been used in the hamster model [10] and in clinical trials in humans [16, 17] . Both CDA1 and CDB1 are IgG1κ antibodies and bind the receptorbinding domain of TcdA and TcdB, respectively [10] . CDA1 and CDB1 were administered to piglets at a dose of 10 mg/kg, based on the dosing in human studies [16, 17] . As a control, we used the irrelevant human monoclonal anti-shiga toxin 2 (anti-Stx2), developed by our institution [18] , at a dose of 10 mg/kg.
Animals and Inoculation
A total of 23 gnotobiotic piglets were used for the polyclonal antibody experiments and 21 were used for the monoclonal antibody experiments. Piglets were derived via Cesarean section and maintained in sterile isolators for the duration of the experiment, as previously described, following approved institutional animal care and use committee guidelines [14] . The piglets for polyclonal antibody experiments were divided into groups as follows: 6 piglets received anti-TcdA antibodies only, 6 piglets received anti-TcdB antibodies only, 6 piglets received anti-TcdA and anti-TcdB antibodies, and 5 piglets received alpaca preimmune serum to serve as controls. The piglets for the monoclonal antibody experiments were divided into groups as follows: 6 piglets received only CDA1, 5 piglets received only CDB1, 6 piglets received CDA1 and CDB1, and 4 piglets received anti-Stx2 to serve as controls. All antitoxin antibodies were administered via intraperitoneal injection when the piglets were aged 4-5 days. The piglets were then orally inoculated with 10 7 spores of an NAP1/027/BI C. difficile strain, designated strain UK6 [19] , approximately 24 hours after administration of the antibodies. Blood was collected every 1-2 days after administration of the antibodies and at the time of euthanasia for evaluation of serum toxin and antibody titers. Feces were collected daily from each piglet for culture, antibody titers, and toxin assays. A necropsy was performed on all animals, and tissues were collected for histopathologic examination. Pleural and abdominal effusions were also collected at the time of necropsy, if present.
Immunocytotoxicity Assay and Cytokine Measurement
We used the ultrasensitive immunocytotoxicity assay developed by our laboratory [20] to measure toxin in serum, body fluids, and fecal samples. Cytokine concentration was determined for interleukin (IL)-1β, IL-4, IL-6, IL-8, IL-10, IL-12, tumor necrosis factor-(TNF)-α, transforming growth factor (TGF)-β, and IFN-γ using porcine cytokine quantification kits (Invitrogen and R&D). All piglet serum samples and large intestinal contents were analyzed. Samples were stored at −20°C until use, and the assays were performed following the manufacturer's directions.
RESULTS
Anti-TcdB Antibodies
In agreement with the hypothesis that TcdB plays an important role in systemic manifestations of CDI, we found that piglets treated with anti-TcdB antibodies, whether alone or in addition to anti-TcdA, were completely protected from the development of systemic signs of CDI (Table 1) . None of the 23 piglets in these groups, receiving either the polyclonal or monoclonal antibodies, developed any clinical signs of systemic illness, and they developed only mild GI signs. Administration of both antibodies together did not seem to have any effect, either positive or negative, on the course of clinical disease as compared with administration of only anti-TcdB antibodies (Table 1 3D ). Histopathologic lesions in the large intestine were slightly more severe in piglets treated with monoclonal anti-TcdA + anti-TcdB than in those treated with only monoclonal anti-TcdB. However, this effect was mild and not noted for the polyclonal antibody groups. There were no systemic lesions noted at necropsy or histopathology, and the lungs were normally aerated ( Figure 3G ).
Anti-TcdA Antibodies
Interestingly, administration of only anti-TcdA antibodies did not provide any level of protection against either localized GI disease or the development of systemic CDI. In fact, piglets in the groups receiving only polyclonal or monoclonal anti-TcdA antibodies developed more severe disease than controls; 5 of 6 piglets given polyclonal anti-TcdA and 4 of 6 piglets given monoclonal anti-TcdA developed fatal disease with severe GI disease as well as systemic disease (Table 1) . Pleural effusion, cranial-ventral lung consolidation, and ascites were notable systemic lesions present at the time of necropsy. Additionally, these piglets had severe lesions of the large intestine, including dilatation, hyperemia, focal hemorrhages, and mesocolonic edema extending from the cecum to the rectum, with the most severe lesions and pseudomembranes present in the spiral and descending colon ( Figures 1B and 1E ). Figure 2C shows a segment of the descending colon of a piglet treated with monoclonal anti-TcdA as compared with other groups. Histopathologic examination of the large intestine revealed severe neutrophilic infiltration of the mucosa, with focal mucosal erosions and ulcerations and formation of pseudomembranes ( Figures 3B and 3E ). Histopathologic lesions of the lungs included regional atelectasis with scattered neutrophil and macrophage infiltration, but no bacterial infiltration ( Figures 3H and 3I ). One piglet in the group treated with only Body fluids included serum, pleural, and/or abdominal effusions collected at the time of necropsy, and percentage reflects the number of piglets in the group with a positive body fluid sample. Serum was evaluated for all piglets. Feces were collected from piglets daily, and percentage reflects the total of samples from all animals in the group beginning at the onset of diarrhea.
Abbreviation: HuMab, human monoclonal antibody. a Severity of gastrointestinal disease was determined by clinical signs and gross and histopathologic lesions, ranging from mild to severe.
b Systemic disease indicates that piglets developed severe, systemic signs such as lethargy, weakness, anorexia, or dyspnea.
c Fatal disease indicates that piglets died or were euthanized due to the severity of disease.
*P < .05, determined between indicated group and control group using Fisher exact test.
Anti-TcdB Prevents C. difficile Disease • JID 2013:207 (15 January) • 325 monoclonal anti-TcdA had particularly severe lung lesions, with extensive consolidation noted in the cranial-ventral regions at necropsy ( Figure 3I ). The gross and microscopic lesions of the anti-TcdA-treated piglets were as severe or more severe than those of control piglets (Figure 1C and 1F; Figure 2A ; Figures 3C and 3F ).
Systemic and Fecal Toxin
Serum and body fluid samples collected from piglets were assessed for the presence of toxin using the ultrasensitive immunocytotoxicity assay. Piglets that develop systemic CDI often have detectable TcdA and TcdB in their serum, but piglets with localized GI disease do not [21] . Because none of the piglets in the groups receiving anti-TcdB developed signs of systemic illness, we would not expect to find either toxin in the serum, which was confirmed (Table 1 ). In the control piglet groups, that is, 20% of the polyclonal group and 75% of the monoclonal group, both TcdA and TcdB were detectable in the serum or body fluids (Table 1 ). In the group that received only polyclonal anti-TcdA, we found that TcdA was not detectable in any of the serum or body fluid samples, but TcdB was detectable in the serum or body fluids of 50% of the group (Table 1 ). Because we know that both toxins are taken up into the circulatory system in severe CDI, these findings indicate that the dose of the polyclonal antibodies given in this study fully neutralized the TcdA present in the circulation of these piglets and that the systemic pathology observed was likely due to the action of TcdB. In the group that received only monoclonal anti-TcdA, 67% of the piglets developed systemic disease and had both toxins present in the serum or body fluids, indicating that the dose of monoclonal antibodies given did not fully neutralize TcdA in vivo. The concentration of TcdA was reduced, as compared with that of controls, from approximately 10 ng/mL to 10 pg/mL. A, Section from a control piglet demonstrating severe dilatation, thickening of the intestinal wall, and mesocolonic edema. B, Section from a piglet treated with anti-TcdA and anti-TcdB that is not dilated and has no thickening of the intestinal wall. C, Section from a piglet treated with only anti-TcdA, demonstrating severe dilatation, intestinal thickening, hyperemia, hemorrhages, and mesocolonic edema. D, Section from a piglet treated with anti-TcdB only, with no dilatation, thickening, or hyperemia.
Fecal alpaca and human antitoxin antibodies were measured using ELISA, and although the average concentration was quite variable in the feces, these results indicate that parenterally administered antitoxin antibodies are able to reach the gut lumen (data not shown). In fecal cytotoxicity assays for all polyclonal-and monoclonal antibody-treated groups, both TcdA and TcdB were detectable in 100% of samples collected from the onset of diarrhea, beginning 24-48 hours after inoculation with C. difficile, and still had cytotoxic activity, indicating that the concentration of antibodies in the gut lumen was not great enough to fully neutralize toxin (Table 1) .
Serum and Intestinal Cytokines
For initial analysis, mean cytokine concentrations between all 4 groups were compared using the Kruskall-Wallis test, with post-hoc comparisons within groups. No significant differences were present between all groups for serum cytokines, but IL-4, IL-8, IL-10, and IL-12 significantly differed for large intestinal cytokines. Within-group comparisons revealed that the group treated with only anti-TcdA differed most from other groups for several of the cytokines measured. So, a second analysis to compare the anti-TcdA-treated group with all other groups combined was performed for serum and intestinal cytokines using the Mann-Whitney U test. In this case, significant differences in serum cytokine concentrations were present for IL-1β, IL-10, TNF-α, and TGF-β ( Figure 4A) , and significant differences in large intestinal cytokine concentrations were present for IL-4, IL-6, IL-8, IL-12, and TGF-β ( Figure 4B ).
CONCLUSIONS
Specific HuMabs against TcdA and TcdB are currently being seriously considered for therapeutic use in patients with CDI Figure 3 . Histopathology images from antibody-treated piglets inoculated with Clostridium difficile. A, Submucosal edema with intact mucosa, minimal neutrophilic infiltration, and no formation of pseudomembranes in the spiral colon of a piglet treated with polyclonal anti-TcdB. B, Extensive neutrophilic infiltration of the mucosa with pseudomembrane formation in the spiral colon of a piglet treated with polyclonal anti-TcdA. C, Neutrophilic inflammation, pseudomembrane formation, and a complete ulceration of the mucosa in the spiral colon of a control piglet treated with alpaca preimmune serum. D, Mucosal and submucosal edema with intact mucosa and minimal neutrophilic inflammation in the spiral colon of a piglet treated with monoclonal anti-TcdA and anti-TcdB. E, Severe neutrophilic infiltration in the mucosa of the spiral colon in a piglet treated with monoclonal anti-TcdA. F, An area of mucosal ulceration, neutrophilic infiltration, and pseudomembrane formation in the spiral colon of a control piglet treated with monoclonal anti-Stx2. G, Lung from a piglet treated with polyclonal anti-TcdB only illustrating normal histology. H, Lung from a piglet treated with polyclonal antiTcdA demonstrating regional atelectasis without inflammatory or bacterial infiltration. I, Lung from a piglet treated with monoclonal anti-TcdA demonstrating an area of complete atelectasis from a consolidated area of the lung noted at necropsy.
[16], making our investigation very relevant. Our observations in the piglet model indicate that the presence of antibodies against TcdB in the blood stream is highly effective in preventing systemic and GI tract disease due to CDI. Conversely, the administration of an antibody against TcdA alone not only failed to protect piglets, it appears to have exacerbated the outcome of the disease, leading to more serious consequences, as compared with control animals. The fact that almost identical results were obtained using 2 distinctly different sets of antibodies, including monoclonal and polyclonal and human and alpaca, adds considerable strength to these observations. We chose to evaluate the antibodies for prevention of disease based on the fact that this may be an effective way to reduce disease rates in high-risk patients and because treatment trials in human patients showed no significant difference during acute disease in hospitalized patients.
Distinguishing the relative roles of the 2 main virulence factors of C. difficile, TcdA and TcdB, has received considerable attention in recent years. However, the picture is still not entirely clear due to conflicting evidence that apparently depends on the animal model, bacterial strains, or antibodies used. These studies indicate that neither toxin can be ignored and that many questions concerning the roles of the 2 toxins remain unanswered. In this study we used neutralizing polyclonal and monoclonal antitoxin antibodies to compare the relative contributions of TcdA and TcdB in the pathogenesis of CDI using the gnotobiotic piglet model we previously characterized [14] .
Our results support the current notion that TcdB is important in the pathogenesis of systemic complications of CDI and showed that administration of anti-TcdB alone was sufficient to completely prevent the development of severe disease and death in piglets. Anti-TcdB also substantially reduced the severity of the signs and gross and microscopic lesions of GI disease. These results are somewhat unexpected because previous studies have demonstrated that although it is cytotoxic, TcdB may not be an important virulence factor causing intestinal mucosal damage in neonatal pigs [22] . Yet, here we have evidence that neutralization of TcdB with antibodies provides protection from systemic as well as intestinal lesions of CDI.
In contrast to anti-TcdB, administration of only anti-TcdA, whether polyclonal or monoclonal, provided no protection from disease and, in fact, appeared to worsen prognosis after inoculation with C. difficile. Recent experiments in which the monoclonal anti-TcdA was administered to uninfected piglets have shown that the antibodies cause no negative effects when administered alone (unpublished data). The experiments involving the polyclonal antibodies were performed first; when we observed this effect, a hypothesis was that the existence of toxin-enhancing antibodies in the polyclonal antisera could be enhancing TcdA and causing the worsened clinical signs and lesions. The ultrasensitive toxin detection assay developed by our laboratory, for example, takes advantage of one such enhancing antibody, A1H3 [20, 23] . For this reason, the experiments with monoclonal antibodies were undertaken. We used monoclonal antibodies that had already been exhaustively examined for their toxin-neutralizing activity in vitro and in vivo in animals and humans, and these antibodies were not previously shown to have any toxin-enhancing effect [10, 16, 17] . In vitro cytotoxicity assay results from our laboratory have not shown either the polyclonal or monoclonal antibodies to have any toxin-enhancing capability at any concentration, and both types of antibodies are able to fully neutralize TcdA and TcdB in vitro.
Another hypothesis is that anti-TcdA antibodies could form complexes with TcdA, which could cause acute illness. This seems unlikely, given that the clinical signs and lesions of disease in anti-TcdA-treated piglets are those of CDI, not of immune-complex disease. These animals have CDI lesions as severe as or more severe than those in control piglets, without lesions such as vasculitis or glomerulonephritis that would accompany severe immune-complex deposition. Although immune-complex deposition was evident, it may be possible that the anti-TcdA antibodies, possibly in complex with TcdA, caused hyperstimulation of the immune system. The toxins themselves are known to be pro-inflammatory [24] , but the immune response in terms of cytokine production in the antiTcdA-treated group appears to be over and above that observed when no antibodies or only anti-TcdB are present. Given the results from the cytokine profiles in these piglets, it appears that multiple cytokines with diverse functions are elevated in those treated with anti-TcdA as compared with other groups, including controls. Some of the cytokines are pro-inflammatory, such as IL-6, IL-8, IL-1β, and TNF-α, but others are anti-inflammatory or immune regulatory, such as IL-4, IL-10, IL-12, and TGF-β. The pro-inflammatory mediators could worsen disease if some aspect of the toxin-antibody interaction induces their overproduction. The increased production of the anti-inflammatory and regulatory cytokines in these piglets may be in response to an imbalance in the pro-inflammatory mediators or could be the result of a more generalized immune stimulation.
We also consider that differences in the toxins produced by different strains of C. difficile could play a role in some of our findings regarding lack of protection or disease-worsening effects noted with anti-TcdA. The alpaca polyclonal antibodies and HuMabs were generated against atoxic toxins or toxoid based on TcdA and TcdB of strain VPI 10463, whereas strain UK6 was used for challenge of piglets in these studies. The antibodies directed against the toxins produced by VPI 10463 and the toxins produced by strain UK6 during the course of infection in the piglets may not interact as antibodies directed against UK6 would due to genetic differences in the toxin genes of laboratory and hypervirulent epidemic strains. Further studies with antitoxin antibodies generated against the toxins of various strains would be needed to determine whether this difference is important for consideration of antibody products aimed at treatment of patients.
We know from this study that although antitoxin antibodies administered systemically did reach the gut lumen, the antibodies were not present in great enough concentrations to fully neutralize either TcdA or TcdB in the gut. Both toxins were present at similar concentrations in the feces of all piglet groups, yet in groups treated with only anti-TcdB or antiTcdA + anti-TcdB, GI lesions were mild as compared with the severe lesions developed by controls and animals only treated with anti-TcdA. Based on antibody titers and toxin detection in the serum and body fluids of inoculated piglets, we know that anti-TcdA was present in the serum at expected levels and was able to partially (in the case of monoclonal antibodies) or fully (in the case of polyclonal antibodies) neutralize TcdA. Only TcdB was detectable in the serum of the polyclonal anti-TcdA treated piglets, indicating that it alone was likely responsible for the systemic manifestations of disease observed in these animals.
Although the exact cause for the disease-worsening effect observed in piglets treated with only anti-TcdA in these experiments cannot yet be explained, it certainly warrants close investigation because these products are intended for use in human patients. The rodent models that have been used in previous investigations of antibodies for treatment or prevention of CDI have not indicated the same outcome, but rather show that anti-TcdA is protective. Lesions most similar to human CDI are reproducible in the piglet model. Whether or not piglets also offer a closer representation of therapeutic outcomes than rodent models is yet to be determined. Our results indicate the importance of TcdB in both GI and systemic CDI and that the potential for adverse effects due to anti-TcdA either given directly in the form of therapeutic antibodies or generated by the host in response to natural infection or immunization is clearly a subject that needs careful investigation.
Notes
